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Executive Summary
Problem Statement
Shape-memory polymers (SMPs) are considered “smart” materials. They can undergo
deformation to a temporary shape and return to their original shape through application of an
external stimuli. This unique shape memory behavior can be utilized in a variety of applications
in fields of biomedicine [1,2], actuation, aerospace, textiles [2], and more.
SMPs are comprised of two solid networks, a permanent network and a reversible
network. One way to produce a SMP is to utilize polymer blending techniques. This technique
involves blending a polymer and a small molecule additive. The choice in these polymers and
additives depend on their characteristics and the intended application for the SMP. The purpose
of this project was to investigate the thermo-mechanical properties and shape-memory behavior
of various blends of Silicone I and 1,10-decanediol to determine if a unique blend of these
components can be utilized to develop shape memory surface relief patterns.
Quantitative Results
Refer to the Appendix to review the different blend compositions produced and analyzed
in this project. From the temperature sweep tests using Dynamic Mechanical Analysis (DMA),
the melting temperature of the samples ranged from 80.86 to 82.08°C. There was no clear trend
that showed that the amount of 1,10-decanediol in the sample affected the melting temperature.
With the lowest load of 1,10-decanediol, the storage modulus and loss modulus at T<Tm were at
a minimum of 0.74 MPa and 0.08 MPa, respectively. As the 1,10-decanediol increased in
amount, both moduli increased as well. At 50% 1,10-decanediol, storage and loss moduli were
4.08 MPa and 0.58 MPa, respectively. Tanδ values did not fluctuate greatly between samples.
These values ranged between 0.061 to 0.15.
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Initial experiments to evaluate shape-memory behavior (i.e. fixity and recovery) were
performed for 20%, 30%, 40%, and 50% 1,10-decanediol. The fixity was initially 65.40% at the
lowest load of 1,10-decanediol and increased to 91% with the highest load. The recovery showed
a similar trend. These values ranged from 86.40% to 99%.
Conclusions
The experiments performed to produce different blends of Silicone I and 1,10-decanediol
samples confirmed that blending the samples require specific conditions. In order to have proper
samples to analyze, the written procedure needs to be followed exactly.
Measurements obtained from the DMA indicated that the 1,10-decanediol influenced the
overall properties of the sample. At low temperatures, as the 1,10-decanediol increased, both the
storage modulus and loss modulus increased as well. At T<Tm, the 1,10-decanediol acted as a
reinforcing agent. However, at higher temperatures, the moduli decreased as more diol was
added. At T>Tm, the 1,10-decanediol became a liquid and acted as a diluent. In addition, there
was no percolation threshold observed in this system. Strain-controlled shape-memory
experiments indicated that a blend of Silicone I and 1,10-decanediol can potentially be used to
produce a SMP.
Broader Implications
Working on this project has helped me gain skills that will help me in my career as a
chemical engineer. My confidence and independence have increased tremendously. I decided to
do an honors project based on polymers because I am very interested in the field, but I still do
not have as much knowledge as I wish I did. I was nervous when I began, but throughout the
course of this project, I have gained more polymer knowledge, and it has instilled more
confidence in me and my abilities. Although I worked closely with a graduate student in the lab,
4

I was able to independently produce and analyze samples. I also learned more time management
skills.
I learned how to use various equipment to produce and analyze polymer samples. These
include learning how to operate a vacuum sealed compression molder and Dynamic Mechanical
Analysis, and how to properly use and store liquid nitrogen. Not only did I learn how to obtain
data from the DMA, I learned how to interpret the results as well.
This work can benefit society because shape-memory polymers can be utilized in a broad
variety of applications ranging from industrial to biomedical applications.
Recommendations
Future work is recommended for this project. Due to the COVID-19 pandemic,
experiments to explore the shape-memory behavior of Silicone I and 1,10-decandiol were not
done. The project proved that the thermo-mechanical properties were affected by different blend
compositions and followed a systematic trend, but further experiments should be done to
determine the optimum blend that maximizes shape memory behavior while minimizing the
loading of the additive. Once the optimum blend is identified, other experiments can determine if
the mixture can be used as a molding compounding to mold shape memory surface relief
structures. It is also recommended that the work done in this paper be repeated to produce values
of the measurement error for the different measurements.
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Introduction
Shape-memory polymers, also known as SMPs, are polymeric materials that have dualshape capabilities. These materials can be deformed to a temporary shape and when triggered by
an external stimulus, they will recover to their permanent original shape. The goal of this project
was to explore different blends of Silicone I and 1,10-decanediol to determine how small
molecule additives affect the thermo-mechanical properties of Silicone I and its shape-memory
behavior.
Shape-memory polymers have two solid networks. The permanent network is a crosslinked, elastic, polymer network that is responsible for the polymer keeping its permanent shape.
It helps drive the shape recovery after being elastically deformed during a cycle. The reversible
network is responsible for keeping the polymer in its temporary shape before the application of a
stimulus.[3]
Shape memory polymers are produced in several ways. One way utilizes hard and soft
segments, called oligomers, to produce a polymer through covalently crosslinking soft segments
to hard segments. These segments are chosen for their characteristics (i.e. melting temperature,
transition, degree of crystallinity, biodegradability, etc.) based on the desired application of the
polymer. For example, a SMP for in vivo medical applications would be composed of
biodegradable segments.[4] Another way is to utilize two different polymers to generate a
polymer blend. These polymers alone tend to not exhibit shape memory capabilities but will after
being physically blended. [4,5] The advantage of blending is by decoupling the two networks,
there is more freedom to design the individual networks in the shape memory polymer and vary
properties once a suitable blend is found.
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A polymer blend can consist of an elastomer and a small molecule crystal. The small
molecule crystal acts as the reversible network of the SMP. The reversible network keeps the
polymer in its temporary shape by vitrification or crystallization. [6] This project was focused on
exploring how the incorporation of these crystals can improve thermo-mechanical properties and
shape memory behavior. Previous studies have shown that the incorporation of a small molecule
additive can lead to such improvements.[7] Pantoja et al. explored shape memory polymers
produced by swelling natural rubber with fatty acids. In this study, it was found that there was a
correlation between the mechanical properties and the shape memory properties. An increase in
fatty acid content resulted in an increase in shape fixity up to a certain limit due to the shape
fixity’s dependence on the modulus of the network.[8]
There were three main goals for this project. The first goal was to measure the thermomechanical properties (i.e. melting point, storage modulus, loss modulus, etc.) of these blends to
determine how various material properties vary with composition. Once this goal was complete,
the second goal was to use the measurements in the first goal as a benchmark to study the shape
memory behavior and determine the optimum conditions for shape memory. The final goal was
to use the mixture as a molding compound to mold shape-memory surface relief structures.
Various blends of Silicone I and 1,10-decanediol were made and analyzed. The Silicone I
acted as the permanent network, whereas the 1,10-decanediol was the reversible network. Using
Dynamic Mechanical Analysis, data was collected to determine how the incorporation of 1,10decanediol affected the thermo-mechanical properties of the sample. Thus, the first goal was
accomplished. Preliminary planning for the second goal was done, but the second and third goals
were not accomplished due to the COVID-19 pandemic.
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Background
Silicone rubber has a backbone consisted of alternating silicon and oxygen units. Due to
this backbone structure, silicone is different from other common rubbers. It has many favorable
properties such as flexibility and thermal stability.[9] Although silicone is a viscoelastic polymer,
it becomes highly elastic when crosslinked. The uniqueness and versatility of silicone has made
it widely used in industry in several applications. Its potential use in a shape-memory polymer
was discussed in a study done by Lu et al. in 2015.[10] Different samples ranging from pure
silicone to a silicone-melting glue blend were used in experiments undergoing multiple shape
memory cycles. They proved to have a heat-assisted self-healing function which can be
beneficial in shape-memory hybrids for many applications such as anti-counterfeit labels. Further
studies have reviewed different blends of elastomers and small molecule additives. Cavicchi
reviewed that shape memory polymers with outstanding shape memory behavior can be
produced from elastomers and a crystalline small molecule.[11] The properties of the polymer can
be modified by the incorporation of fillers or additives such as aliphatic diols.[12]
Utilizing different additives would result in different properties. The additive in this
project was 1,10-decanediol. 1,10-decanediol is a crystalline molecule. It is an aliphatic diol,
with a linear, hydrocarbon backbone and contains a hydroxyl group at each end.[13] A study based
on the physical properties of aliphatic copolyesters prepared using alkane diols demonstrated an
increase in tensile strength and better control of degradation rates.[14] The crystalline structure
aliphatic diol increases the stiffness and strength of a polymer. Silicone is mainly an amorphous
polymer and 1,10-decanediol is crystalline. Their structures allow them to blend and crosslink
through room temperature curing.
The addition of small molecule additives affects the viscoelasticity of the polymer.
Viscoelastic polymers have characteristics of both solids and liquids. The viscous and elastic
8

responses are analyzed by the modulus of the polymer. The storage modulus defines the elastic
(solid) response of the polymer. When a polymer is deformed, its storage modulus measures the
ability of the polymer to store the energy and recover it after the release of the deformation. Loss
modulus measures the dissipation of energy and is representative of the viscous (liquid) response
of the polymer.[15] It is predicted that as more crystalline 1,10-decanediol is added to the polymer
blend, both storage and loss modulus would increase.
Tanδ is the ratio of viscous to elastic portions. It is calculated using the loss and storage
moduli. The tanδ describes how the material behaves. When tanδ is greater than 1, it behaves
more like a liquid and if it is less than 1, the material behaves more like a solid.[15] Dynamic
Mechanical Analysis will be used to collect this data and analyze the polymer properties.
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Experimental Methods
Materials
The Silicone-I used was 100% Waterproof Clear All Purpose Silicone Sealant Caulk by
GE and was purchased from a hardware store and used as is. 1,10-decanediol from SigmaAldrich came as flat flakes and further grinding was done before using.
The equipment used to produce and characterize samples were the following: Bel-Art
Micro-Mill Grinder, Sunbeam Mixmaster 12-Speed Stand Mixer with one beater attachment, 7x7
cm stainless steel square frame with 1 mm thickness, TMP Vacuum Compression Press, and TA
Instruments Q800 DMA.
Sample Preparation
A 25-gram sample was prepared using a ratio of 80:20 Silicone I:1,10-decanediol.
Roughly 5 grams of 1,10-decanediol was weighed using a Sartorius balance. The flat flakes were
then ground using a Bel-Art Micro-Mill Grinder. The flakes were ground for one minute to
produce a powder for better uniform incorporation into the silicone. After milling, the machine
was left to rest for 2-3 minutes to let the powder settle. The powder was then removed and
reweighed to obtain 5g of 1,10-decanediol. A caulk gun was used to obtain the desired amount of
Silicone I. A disposable plastic cup was placed on the Sartorius balance and tared before 20g of
Silicone I was transferred from the caulk gun to the cup. The 1,10-decanediol was then poured
into the cup containing the Silicone I, and a Sunbeam Mixmaster 12-Speed Stand Mixer with one
beater attachment was used to blend the two components. The stand mixer was set to 1, the
lowest speed setting. The sample was mixed for a minute before stopping and scraping the
sample off the beater with a metal spatula. The mixing procedure was repeated 5 times to ensure
that the 1,10-decanediol was fully incorporated. Once the mixing procedure was complete, the
sample was left to cure open to air at room temperature for 15 minutes.
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Samples of 10%, 25%, 30%, 35%, 40%, and 50% 1,10-decanediol were prepared as well.
All were 25-gram samples and the procedure to make the samples remained the same as the
80:20 sample for 10% to 30%.
Samples of 30% to 50% required a slightly modified procedure. The amount of powder
for the samples required a different method of mixing. The 1,10-decanediol was slowly
incorporated into the Silicone I. Half of the powder was first added and mixed according to the
standard procedure. After 3 repetitions, the remaining powder was added and mixed 3-4 more
times until the 1,10-decanediol was fully incorporated. Once the mixing procedure was
complete, the sample was left to cure open to air to room temperature for 10 minutes.
Compression Molding the Sample to Prepare a Film
In order to obtain a film, the partially cured sample was compression molded using a
TMP Vacuum Compression Press. The compression mold consisted of two metal plates wrapped
in aluminum foil, two Teflon sheets, and a stainless-steel square frame (7x7cm with 1mm
thickness). One metal plate was placed down with a Teflon sheet on top, followed by the frame.
The partially cured sample was spread into the frame using a spatula as evenly as possible. The
sample was left to cure open to air at room temperature for 20 minutes before placing the other
Teflon sheet and metal plate on top. The sample was compression molded using the TMP
Vacuum Compression Press. There was no heating required, and the vacuum was set to 28 “Hg.
The mold was placed between the plates of the compression molder and pressed at a pressure of
15 lb x 1000 for five minutes. The sample was then removed from the compression molder. The
metal plates were removed, and the sample was left to sit for at least 24 hours. After this time,
the film was removed from the mold. To remove the film, first, the Teflon sheets were gently
peeled away from either side. Second, the frame was placed onto a cutting mat, and a single edge
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razor blade was used to cut where the film met the frame. Third, the film was carefully removed
from the frame in one piece. The sample was placed in a Ziploc and stored at room temperature
until testing.
Characterization of Sample using Dynamic Mechanical Analysis (DMA)
DMA was used to analyze the viscoelastic behavior of the films. A temperature sweep
test was done for all samples and a frequency sweep test was done for 20%, 30%, 40%, and 50%
1,10-decanediol samples.
The DMA required a small piece of the sample to perform a test. Using a cutting mat and
a single edge razor blade, the sample was cut to approximately 8 mm x 15 mm. The thickness
ranged between 0.70 mm to 0.90 mm. The exact measurements were taken using a Mitutoyo
Digital Caliper, and the width and thickness were inputted before each run. To load the sample,
one end was first placed into the bottom tension clamp. The sample was secured by tightening
the screw on the clamp using a hex drive adjustable torque screwdriver. The clamp was set to the
desired length, which was between 5 mm to 6 mm, and locked in place. The length of the sample
was measured by the computer after the furnace was closed.
The temperature sweep test was done from 25°C to 110°C at a constant frequency. This
test gave information about how the storage and loss moduli of the sample changed after
exceeding the melting point. The melting temperature was determined as the peak of the tanδ
curve. The procedure inputs were as follows:
Mode: DMA Multi-Frequency - Strain
Test: Temp Ramp/Freq
Procedure:
Strain: 0.2%
Preload Force: 0.0100 N
Force Track: 125%
Start Temp: 25°C
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Soak Time: 3 min
Final Temp: 110°C
Ramp Rate: 1°C/min
The temperature sweep was done at a frequency of 1 Hz. Before every run, the
“Frequency Table” tab was checked to ensure that the input was set to 1 Hz. Once the sample
was loaded, and the inputs were correct, the run began. Each run lasted ninety minutes. After
completion, the sample cooled to room temperature, and the furnace opened automatically. The
sample was removed and discarded. The file was saved for future analysis.
The frequency sweep test had the same sample preparation as a temperature sweep test.
This test varied the frequency at a constant temperature. For this set of runs, the test was done
from 0.01 Hz to 100 Hz at 25°C. The procedure inputs were as follows:
Mode: DMA Multi-Frequency - Strain
Test: Isothermal Temp / Freq Sweep
Procedure:
Strain: 0.2%
Preload Force: 0.0100 N
Force Track: 125%
Isothermal Temp: 25°C
Soak Time: 1 min
Number of Sweeps: 1
Frequency Table
Log
0.01 to 100 Hz
Points per decade: 10
The run took over two hours and once complete, the furnace automatically opened to
remove the sample. The file was saved for future analysis.
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Strain-Controlled Shape Memory Experiments
One simple set of experiments was done to evaluate the potential shape memory behavior
of the 20 mass% to 50 mass% 1,10-decanediol samples. Each sample was cut to 30 mm by 0.80
mm. The samples were secured onto a crescent wrench with holding bars and an initial length,
Li, of 10 mm was marked. Then the sample was stretched to 50% strain and the stretched length,
La, was recorded. The sample was placed into an oven at 100°C for ten minutes before being
removed. The sample was left to cool to room temperature and then removed from the wrench.
The sample was in its temporary shape. The temporary length of the sample, Lt, was measured,
and the sample was placed into the oven again for an additional ten minutes to recovery its
original shape. After this time, the final length, Lp, was measured once again.
Using the following equations, the fixity, Rf, and recovery, Rr, were determined by the
different strains (initial strain, 𝜀𝑖 , applied strain, 𝜀𝑎 , temporary strain, 𝜀𝑡 , and permanent strain,
𝜀𝑝 ) of the shape memory cycle.
𝜀

𝑅𝑓 = 𝜀 𝑡 x 100%
𝑎

R𝑟 =

𝜀𝑎 −𝜀𝑝
𝜀𝑎 −𝜀𝑖

𝜀𝑥 =

x 100%

𝐿𝑥 −𝐿𝑖
𝐿𝑖

(1)

(2)

(3)
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Data and Results
Obtaining a Crosslinked Film
There were many attempts tried to obtain crosslinked films before establishing the correct
procedure. These set of experiments utilized the weight ratio of 80:20 Silicone I:1,10-decanediol.
Parameters varied included the sample size, the grinding method for the 1,10-decanediol, the
mixing method, the curing time, and the material used to separate the frame and the metal plates.
The sample sizes used were 12.5g, 25g and 50g. The sample size started at 50g, but this
was too much material. This amount made mixing in the stand mixer easier, but there was too
much excess for the mold. Using 12.5g made the mixing more difficult because the beater of the
mixer was too large to mix the material well. It was determined that 25g was the ideal quantity to
be able to mix the sample properly and fill the mold without having too much excess.
The 1,10-decanediol came as flat flakes and needed to be ground before use. A mortar
and pestle were first used to grind the 1,10-decanediol, but it did not produce a fine powder.
When a sample was made using this method, there were visible masses of powder throughout the
film, indicating that the powder was not well dispersed. When the 1,10-decanediol was ground
using the Bel-Art Micro-Mill Grinder, the resulting film was smooth and did not have masses of
powder throughout. These results are illustrated in Figure 1 below.

(a)

(b)

Figure 1 Representative pictures of 80:20 Silicone I:1,10-decanediol samples using two different grinding methods: (a) mortar
and pestle, (b) Bel-Art Micro-Mill Grinder
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The mixing procedure involved a combination of mixing with the stand mixer and
manual mixing by hand using a flat spatula. Although the beater incorporated the powder into the
silicone very well, it was unable to reach the bottom edges of the cup due to its size. The spatula
was used to scrape the material off the beater and incorporate any missed material that adhered to
the bottom of the cup. This process had to be repeated about five times to ensure full
incorporation. Any less resulted in a film that was not uniform.
The tackiness of the sample affected the curing time needed and the use of Teflon
between the plates. Initially, the uncured sample was very tacky. The tackiness of the sample was
the reason for letting the sample cure for 20 minutes before compression molding and letting it
sit for 24 hours before removing the film from the mold. When a sample was pressed without
initial curing before pressing, the sample came out very tacky and did not form a solid film. The
curing of the sample is due to the absorption of water from the atmosphere, so placing it into the
molder immediately inhibited this process. From these experiments, it was determined that 20
minutes before molding and 24 hours after molding yielded films that could be used for testing.
The use of Teflon between the plates was vital for easy sample removal. Initially,
aluminum foil was used. When using aluminum foil, the sample adhered to it. The aluminum foil
and film fused after curing and any attempts in separating them resulted in stretching and tearing
of the sample. Using Teflon eliminated the stretching and tearing.
The combination of these conditions was used to produce the procedure to make the other
crosslinked film samples with varying amounts of 1,10-decanediol.
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Temperature Sweep Heating Rates
The 80:20 Silicone I: 1,10-decanediol sample was run on the DMA at three different
temperature heating rates: 1°C/min, 5°C/min, and 10°C/min. Figure 2a shows the E’ and E” vs.
temperature, while Figure 2b shows tan vs. temperature. As the heating rate increases, the major
peak in the tan curves shift to the right (i.e. higher temperature).

Figure 2a Plots of the E’ (storage) and E” (loss) in respect to temperature at three different heating rates for the 80:20 Silicone
I:1,10-decanediol samples.
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Figure 2b Plots of tan delta versus temperature at three different temperature ramp rates for the 80:20 Silicone I:1,10decanediol samples.

Comparing Figure 2a and 2b, the peak in tan indicates the melting temperature of the
sample where E’ drops precipitously, due to the melting of the 1,10-decanediol and the
corresponding drop in the storage modulus. Figure 3 illustrates how the melting temperature was
affected by heating rate. As the heating rate increased, the melting temperature increased as well.
This observed phenomenon is likely due to a lag between the sample temperature and the oven
set temperature. When a trendline was added to the points, the intercept was 78.935°C, which
corresponded to the melting point at an infinitely slow heating rate. The literature value of the
melting point of 1,10-decanediol is 74.0°C. The heating rate of 1°C/min gave a melting
temperature of 81.4°C. The melting temperature deviated from the literature value as the heating
rate was increased. 1°C/min was used as the heating ramp for the rest of the DMA samples to
compare the measured melting temperatures.
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Figure 3 The melting temperature of the sample was determined using the peaks of the tanδ data curves obtained from the DMA.
It shows that as the heating rate of the test increases, the melting temperature does as well.

Temperature Sweep Tests of Other Silicone I:1,10-decanediol Blends
Table 1 gives a summary of the composition of each sample analyzed. The samples
ranged from 10 mass% to 50 mass% 1,10-decanediol. Temperature sweeps were done for every
sample.
Table 1 The composition of each sample used for DMA testing

mass of Silicone I (g)
mass of 1,10-decanediol (g)
mass % of Silicone I
mass % of 1,10-decanediol

50/50
12.5173
12.5185
50.0%
50.0%

60/40
15.0216
10.0254
60.0%
40.0%

65/35
16.2745
8.771
65.0%
35.0%

70/30
17.5081
7.5003
70.0%
30.0%

75/25
18.8007
6.2531
75.0%
25.0%

80/20
20.4715
5.0497
80.2%
19.8%

90/10
22.5102
2.5361
89.9%
10.1%

Figure 4 illustrates the variation in storage modulus, E’, and loss modulus, E”, above and
below the melting temperature of 1,10-decanediol as the Silicone I and 1,10-decanediol weight
ratio was varied. The values used to generate Figure 4 can be found in Table A.1 in the
Appendix. The reported E’ values were calculated as the average from 37°C to 42°C. Similarly,
E” values were calculated as the average from 87°C to 92°C. In general, as more 1,10-decanediol
was added, the storage modulus and loss modulus increased below the melting temperature.
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Above the melting temperature, both the storage and loss modulus decreased as 1,10-decanediol
increased. At low temperature, when 1,10-decanediol is solid, it will tend to increase the
modulus since it is acting like a reinforcing filler. At higher temperature, when 1,10-decanediol
is liquid, it will tend to lower the modulus, since it is acting like a diluent for the crosslinker.

Figure 4 The log-log plot of modulus vs mass% 1,10-decanediol for samples from 10 % to 50% 1,10-decanediol fit to a power
law.

Figure 5 shows the tanδ for each of the blends. The tanδ was calculated using the storage
and loss modulus data. The graph shows that for all blends, the tanδ at T < Tm were all larger
than at temperature above Tm. There was no visible trend with the increase of 1,10-decanediol.
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Figure 5 Tanδ at T<Tm (indicated by the orange symbols) and at T>Tm (indicated by the blue symbols) at different mass% of
1,10-decanediol.

Figure 6 plots the melting temperatures of the samples from 10% to 50% 1,10decanediol. The melting temperature ranged from 80.86°C to 82.08°C. It is evident that there
was little change to the melting temperature with the incorporation of more 1,10-decanediol.
There may be a slight downward trend in Tm with increasing 1,10-decanediol, but the overall
variation in Tm is ca. 1°C.

Figure 6 Melting temperature values of all samples. These were obtained using data from DMA tests.
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Frequency Sweep Tests
The frequency sweep tests were performed on the 50%, 40%, 30%, and 20% 1,10decanediol. Figure 7 shows the E’ and E” values for these different blends. With any
composition of 1,10-decanediol, the moduli increased almost linearly until 30 Hz. After this
point, there were fluctuations in modulus until it reached 100 Hz.

Figure 7 E’ and E” data obtained from frequency sweeps performed on the DMA for various blend samples. The test was
performed at 25°C from 0.01 Hz to 100 Hz.

Strain-Controlled Shape Memory Experiments
Figure 8 shows the results of the strain-controlled shape memory experiment done with
20%, 30%, 40%, and 50% 1,10-decanediol. The results indicate that the samples may exhibit
shape-memory behavior, however, the strain was only 50%. It is recommended that other strains
such as 100% and 200% be tested and experiments should also be run on the DMA.
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Figure 8 The fixity and recovery of the different blends of Silicone I and 1,10-decanediol after one strain-controlled shape
memory cycle

Figure 9 shows the 80:20 Silicone I:1,10-decanediol at different stages of the shape
memory cycle. The initial sample is indicated by (a). The sample was stretched in the crescent
wrench, and heat was applied to deform it. Once the sample cooled and the sample was removed
from the crescent wrench, it was in its temporary shape (b). The original shape was recovered
after applying heat to the sample (c).

(a)

(b)

(c)

Figure 9 A 80:20 Silicone I:1,10-decanediol sample at different stages of the memory cycle: (a) the initial shape, (b) the
temporary shape, (c) recovered shape
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Discussion/Analysis
As seen in Figure 3, the melting temperature varied with heating rate, indicating that
there was a flaw in the instrumentation. With the increase in heating rate, there is a lag in heat
transfer, so the 1,10-decanediol melts at a higher temperature. In future studies, the lag in heat
transfer will need to be considered when using heating ramps, such as in a shape memory cycle.
Increasing the amount of 1,10-decanediol affected both the physical and mechanical
properties of the sample. The addition of 1,10-decanediol made the sample opaquer and stiffer.
The storage and loss moduli generally increased with the increase in 1,10-decanediol before the
melting temperature. 1,10-decanediol is a crystalline structure and when blended with Silicone I,
forms a shape-memory polymer, with Silicone I acting as the permanent network and 1,10decanediol acting as the reversible network. According to the Rule of Mixtures, the polymer
would have a modulus of E = wSilicone ESilicone + wdecanediolEdecaneiol. The modulus generally
increasing with the addition of 1,10-decanediol indicates that the modulus of 1,10-decanediol is
higher than that of Silicone I. Figure A.1 in the Appendix also illustrates the change in the
modulus with composition but as a linear relationship.
In addition, an increase in 1,10-decanediol showed a slight increase in the storage
modulus at T>Tm. The increase in modulus is due to the effect 1,10-decanediol has in
accelerating cure; however, this effect is diminished at higher concentrations due to its diluting
properties. The decrease in modulus at T>Tm is a result of the melting of 1,10-decanediol. When
the crystals are melted, they became liquid and have no modulus. Assuming that the amount of
crosslinks that Silicone I is the same, the addition of 1,10-decanediol dilutes the crosslinks.
Modulus is proportional to crosslink density, so as the density decreases, so does the modulus.
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Further analysis of the log-log plot in Figure 4 shows that there is no percolation
threshold. The percolation threshold is where the power law slop of the modulus vs. weight
fraction 1,10-decanediol changes.
Figure 5 shows tanδ was less than one for all cases. Tanδ represents the damping, or
energy dissipation, of a sample. There was no clear trend in how tanδ was affected with the
increase in 1,10-decanediol. It was predicted that as more is incorporated, the tanδ would not
change. The tanδ relates to the complex modulus of the sample. The complex modulus can be
used to express the modulus and is represented as E*= E’+ iE”, where the storage modulus is the
“real” part and the loss modulus is the “imaginary” part.[15] With the addition of 1,10-decanediol,
the complex modulus of the sample would increase, meaning as E’ increases, E” increases
accordingly. Tanδ is the ratio between loss and storage modulus, so there will be little change to
the values between samples. It can be concluded that since the tanδ was less than one, the
samples exhibit less damping.
The data from frequency sweep tests was graphed in Figure 7. There was little change in
modulus from 0.01 Hz to 30 Hz. These tests prove that the samples were highly crosslinked, and
the chains were not moving. Future studies can be done at different temperatures to see if the
same trends are seen.
Initial experiments to evaluate shape memory behavior was done for a few of the
samples. These tests showed that a blend of Silicone I and 1,10-decanediol can potentially be
used to produce an SMP. The trends in Figure 8 showed that as the content of 1,10-decanediol
increased, so did the fixity and recovery. The fixity results are also consistent with the modulus
variation in Figure 4. A sharp drop in the fixity was not observed at lower concentration as was
observed in fatty acid/natural rubber samples. [8] This drop was found to correspond to the
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percolation threshold for crystal network formation. In addition, no depression of the 1,10decanediol melting point was observed, indicating that the solubility of the compound is low in
Silicone I. Therefore, its dispersion in the matrix may be entirely due to the initial grinding
process. This lack of dissolution may also aid in producing a solid network structure at lower
composition when compared to a system where the small molecule additive is able to dissolve in
the polymer, such as fatty acid in natural rubber. These shape-memory experiments were done at
50% strain, so to draw better conclusions, more experiments at higher strain needs to be
performed in addition to shape memory testing done with the DMA.
Due to the ongoing pandemic, the lab work was halted and necessary data to analyze
shape-memory properties of the samples was not done. The work done so far has proven that the
addition of 1,10-decanediol affect the thermo-mechanical properties of Silicone I. Future work
dedicated to exploring the stress-strain relationships and shape-memory properties need to be
done. The optimum blend that maximizes shape memory properties while minimizing the
loading of the additive can be determined from additional experiments that vary the blend
composition.
Conclusion
Careful iterative experiments were used to develop a robust procedure for the fabrication
of crosslinked sheets of blends of Silicone I and 1,10-decanediol over a wide concentration range
(10 mass% - 50 mass%). The key factors in the procedure were sample size, the grinding method
for the 1,10-decanediol, the mixing method, the curing time, and the material used to separate the
frame and the metal plates. Dynamic Mechanical Analysis measurements showed that 1,10decanediol acts as a reinforcing agent at low temperatures when it is solid and a diluent at high
temperatures where it is liquid.
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In contrast to a previous system, an obvious signature of mechanical percolation of the
1,10-decanediol crystals was not observed in the DMA measurements. It is not clear if the lack
of a percolation threshold is due to the limit in the upper composition range over which sheets
could be fabricated, limiting the higher composition data, or additional factors influencing the
crosslinking of the silicone in the presence of the additive, which may produce a competing
effect.
Initial tests showed that samples prepared with the developed procedure displayed shape
memory. Stress-strain experiments should be conducted to determine the stress and strain range
these materials can be deformed as a function of composition. Then shape-memory cycles could
be run to study the shape memory properties as a function of the different thermo-mechanical
material properties. Finally, the molding procedure developed should be useful for preparing
patterned films using a patterned top mold to develop shape memory surface relief patterns.
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Appendix
Data
Table A.1 The composition and mechanical properties data for samples of 10% to 50% 1,10-decanediol.

ratio of Silicone I:1,10decanediol
mass of Silicone I (g)
mass of 1,10-decanediol (g)
mass % of Silicone I
mass % of 1,10-decanediol
volume of Silicone I (cm3)

50:50

60:40

65:35

70:30

75:25

80:20

90:10

12.5173
12.5185
50.0%
50.0%
10.43

15.0216
10.0254
60.0%
40.0%
12.52

16.2745
8.771
65.0%
35.0%
13.56

17.5081
7.5003
70.0%
30.0%
14.59

18.8007
6.2531
75.0%
25.0%
15.67

20.4715
5.0497
80.2%
19.8%
17.06

22.5102
2.5361
89.9%
10.1%
18.76

13.91

11.14

9.75

8.33

6.95

5.61

2.82

0.43

0.53

0.58

0.64

0.69

0.75

0.87

0.57

0.47

0.42

0.36

0.31

0.25

0.13

Melting Temp (°C)

80.74

80.86

81.56

80.76

82.08

81.41

81.53

Storage Modulus before melting
(MPa)

4.08

3.24

1.76

1.70

1.86

1.84

0.74

Storage Modulus after melting
(MPa)

0.15

0.22

0.14

0.25

0.36

0.69

0.45

Loss Modulus before melting
(MPa)

0.58

0.38

0.21

0.20

0.28

0.112

0.08

Loss Modulus after melting
(MPa)

0.01

0.02

0.01

0.02

0.04

0.03

0.05

Tan Delta before melting
Tan Delta after melting

0.14
0.09

0.12
0.08

0.12
0.08

0.12
0.09

0.15
0.11

0.0609
0.04

0.11
0.11

volume of 1,10-decanediol
(cm3)
volume fraction of Silicone I,
Фsi
volume fraction of Diol, Фdiol

*modulus before data was taken from 37 to 42 deg C
*modulus after data was taken from 87 to 92 deg C
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Table A 2 Data obtained from the strain-controlled shape memory experiments. The strain was calculated at each stage of the
shape memory cycle to determine the fixity and recovery.

Ratio of Silicone 1:1,10decandiol

80:20

70:30

60:40

50:50

Li (mm)

10.00

10.00

10.00

10.00

La (mm)

15.00

15.00

15.00

15.00

Lt (mm)

13.27

13.59

14.48

14.55

Lp (mm)

10.68

10.18

10.11

10.07

applied strain, εa

0.500

0.500

0.500

0.500

temporary strain, εt

0.327

0.359

0.448

0.455

permanent strain, εp

0.068

0.018

0.011

0.007

fixity, Rf

65%

72%

90%

91%

Recovery, Rr

86%

96%

98%

99%

Figure A.1 The linear-linear plot of modulus vs mass% 1,10-decanediol for samples from 10 % to 50% 1,10-decanediol. This
plot illustrates the change in modulus with composition.
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Figure A.2 Storage and loss modulus data obtained from DMA for a 50:50 Silicone I:1,10-decanediol blend from 25°C to
110°C.

Figure A.3 Storage and loss modulus data obtained from DMA for a 60:40 Silicone I:1,10-decanediol blend from 25°C to
125°C.
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Figure A.4 Storage and loss modulus data obtained from DMA for a 65:35 Silicone I:1,10-decanediol blend from 25°C to
110°C.

Figure A.5 Storage and loss modulus data obtained from DMA for a 70:30 Silicone I:1,10-decanediol blend from 25°C to
110°C.

32

Figure A.6 Storage and loss modulus data obtained from DMA for a 75:25 Silicone I:1,10-decanediol blend from 25°C to
110°C.

Figure A.7 Storage and loss modulus data obtained from DMA for a 80:20 Silicone I:1,10-decanediol blend from 25°C to
125°C.
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Figure A.8 Storage and loss modulus data obtained from DMA for a 90:10 Silicone I:1,10-decanediol blend from 25°C to
110°C.
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Sample Calculations
Mass % Calculation
80:20 Silicone I: 1,10-decanediol
Mass of Silicone I: 20.4715 g
Mass of 1,10-decanediol: 5.0497
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑆𝑖𝑙𝑖𝑐𝑜𝑛𝑒 𝐼
𝑥 100%
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑆𝑖𝑙𝑖𝑐𝑜𝑛𝑒 𝐼 + 𝑚𝑎𝑠𝑠 𝑜𝑓 1,10 − 𝑑𝑒𝑐𝑎𝑛𝑒𝑑𝑖𝑜𝑙
20.4715𝑔
𝑚𝑎𝑠𝑠 % 𝑜𝑓 𝑆𝑖𝑙𝑖𝑐𝑜𝑛𝑒 𝐼 =
𝑥 100% = 80.2%
20.4715𝑔 + 5.0497𝑔

𝑚𝑎𝑠𝑠 % 𝑆𝑖𝑙𝑖𝑐𝑜𝑛𝑒 𝐼 =

𝑚𝑎𝑠𝑠 𝑜𝑓 1,10 − 𝑑𝑒𝑐𝑎𝑛𝑒𝑑𝑖𝑜𝑙
𝑥 100%
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑆𝑖𝑙𝑖𝑐𝑜𝑛𝑒 𝐼 + 𝑚𝑎𝑠𝑠 𝑜𝑓 1,10 − 𝑑𝑒𝑐𝑎𝑛𝑒𝑑𝑖𝑜𝑙
5.0497𝑔
𝑚𝑎𝑠𝑠 % 1,10 − 𝑑𝑒𝑐𝑎𝑛𝑒𝑑𝑖𝑜𝑙 =
𝑥 100% = 19.8%
20.4715𝑔 + 5.0497𝑔

𝑚𝑎𝑠𝑠 % 1,10 − 𝑑𝑒𝑐𝑎𝑛𝑒𝑑𝑖𝑜𝑙 =

Tanδ Calculation
80:20 Silicone I: 1,10-decanediol
Storage Modulus, E’ = 1.84 MPa
Loss Modulus, E” = 0.112 MPa
𝑡𝑎𝑛𝛿 =

𝐸"
1.84 𝑀𝑃𝑎
=
= 0.0609
𝐸′
0.112 𝑀𝑃𝑎

Strain-Controlled Shape Memory Calculations
80:20 Silicone I: 1,10-decanediol
Initial length, Li = 10.00 mm
Applied length, La = 15.00 mm
Temporary length, Lt = 13.27 mm
Permanent length, Lp = 10.68 mm
Applied Strain:
𝜀𝑎 =

𝐿𝑎 − 𝐿𝑖
15.00 𝑚 − 10.00 𝑚
=
= 0.500
𝐿𝑖
10.00 𝑚

𝜀𝑡 =

𝐿𝑡 − 𝐿𝑖
13.27 𝑚 − 10.00 𝑚
=
= 0.327
𝐿𝑖
10.00 𝑚

𝜀𝑝 =

𝐿𝑝 − 𝐿𝑖
10.68 𝑚 − 10.00 𝑚
=
= 0.068
𝐿𝑖
10.00 𝑚

𝑅𝑓 =

𝜀𝑡
0.327
x 100% =
𝑥 100% = 65.40%
𝜀𝑎
0.500

Temporary Strain:
Permanent Strain:

Fixity:
Recovery:
R𝑟 =

𝜀𝑎 − 𝜀𝑝
0.500 − 0.068
x 100% =
𝑥 100% = 86.40%
𝜀𝑎 − 𝜀𝑖
0.500 − 0
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